Study on Energy and Environmental Efficiency for Coal-fired Power Units: A Non-parameter Approach  by Song, Chenxi et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.533 
 Energy Procedia  75 ( 2015 )  2772 – 2778 
ScienceDirect
The 7th International Conference on Applied Energy – ICAE2015 
Study on Energy and Environmental Efficiency for Coal-fired 
Power units: A non-parameter Approach 
Chenxi Songa, Mingjia Lia, Yaling Hea, Wenquan Taoa* 
aKey Laboratory of Thermo-Fluid Science and Engineering, Ministry of Education, Xi’an Jiaotong University, Xian Ning West road, 
Xi’an, Shaanxi 710049, PR China 
Abstract 
In this paper, both energy efficiency and environmental efficiency of coal-fired power units are studied based on the 
non-parametric data envelopment analysis method˄DEA˅. Compared with energy efficiency, the emission of SO2 
and NOx are taken into consideration for the environmental efficiency. The ST model is employed to calculate pure 
technical efficiency. And the strong disposability model is used to calculate the environmental efficiency. Analysis 
and comparison for energy and environmental efficiency are conducted. By comparing the influence of ownership 
factor on these two kinds of efficiency, it can be found that the China Guodian Corporation ranks the first in both the 
energy and environmental efficiency. China Datang Corporation ranks the third in energy efficiency while ranks the 
last one in environmental efficiency. 
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1. Introduction 
Energy and environmental problems are threatening the human life today. It is generally accepted that 
the excessive consumption of fossil fuels takes the main responsibility for these two issues. Coal accounts 
for 70% of primary energy consumption in China. Among which, 50% is consumed by thermal power 
industry. Coal-fired power will remain dominant in the next two or three decades in China [1]. Therefore, 
energy efficiency (EE) improvement of coal-fired power generation will contribute a lot to energy 
conservation and emission reduction in China. 
Two typical approaches to evaluate efficiency are stochastic frontier analysis (SFA) and data 
envelopment analysis (DEA). For these two approaches, efficiency is scored by comparing the practical 
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value and the frontier value. The SFA method is a parameter modelling approach, while the DEA is a 
non-parameter one. Compared with the SFA, one advantage of the DEA approach is that the relationship 
between efficiency and influencing factors need not to be fixed previously. For this method, composite 
indicators are constructed by linear programming equations. Composite indicator can be constructed 
based on sub-indicators [2, 3] or input/output parameters [4-6]. Efficiency evaluation in this paper is 
conducted following the latter way. As far as the efficiency evaluation of thermal power units is 
concerned. Some researches[7, 8] include undesirable outputs while some[9, 10] are not. There are two 
ways to deal with undesirable outputs. One is by taking them as inputs directly, while another is by 
introducing disposability model. Sarica and Or [5] took undesirable outputs of power plants as inputs. 
The amount of annual SO2, NOX and particulates emission are converted to the cost used to deal with 
them. According to Yang and Pollitt [11], there are two kinds of disposability models, namely weak 
disposability model and strong disposability model. The weak disposability model is more appropriate for 
the CO2 emission since its reduction can not be conducted in power plants. However, the emission of SO2 
and NOx can be reduced by employing de-sulphurization and de-nitration systems.  
This paper will employ the DEA method to compare and analyse efficiency of power units with and 
without undesirable outputs. Efficiency evaluation without undesirable outputs are called energy 
efficiency, while with them are called environmental efficiency.  
2. Methodology 
2.1. Model description 
Since the first CCR model proposed by Charnes, Cooper and Rhodes [12], there are three other 
representative models: BCC (Banker-Charnes-Cooper) model [13], FG (Färe and Grosskopf) model and 
ST (Seiford and Thrall) model [14]. Patterns of returns to scale for these four models are constant returns 
to scale, variable returns to scale, non-increasing returns to scale and non-decreasing returns to scale. 
Generally, technical efficiency of power units with the same rated capacity will not decrease with the 
increase of electricity generated. The non-decreasing returns to scale model is more appropriate compared 
with the variable returns to scale. Therefore, we choose the ST model rather than the BCC model for the 
calculation of pure technical efficiency. When the environmental factors are taken into consideration, the 
strong disposability model chosen to calculate environmental efficiency[15]. 
The input-oriented version is adopted because the amount of electricity generated by all power plants 
is arranged and dispatched by state-owned group companies rather than determined by power plants.  
The software of DEAP (version 2.1) developed by Coelli is employed for solving equations of the 
CCR model. Multi-stage methodology developed by Coelli is used for the calculation of input and output 
variables’ slacks [16]. The ST model and environmental efficiency model are solved by a Frotran 
program written by the authors.  
2.2. Selection of input and output parameters 
Two kinds of efficiency will be studied in this section. They are energy efficiency and environmental 
efficiency. Input and output parameters considered for them are listed in Table 1. Compared with energy 
efficiency, the SO2 and NOx emission are chosen as undesirable outputs for environmental efficiency. 
Table 1. Selection of inputs and outputs 
Input / Output Parameter Unit Energy efficiency Environmental efficiency 
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Input 1 (x1) Fossil fuel consumption 105kgce Ĝ Ĝ 
Input 2 (x2) Auxiliary electricity consumption 106kWh Ĝ Ĝ 
Desirable output (yd) Electricity generated 106kWh Ĝ Ĝ 
Undesirable output 1 (yu1) SO2 emission t --- Ĝ 
Undesirable output 2 (yu2) NOx emission t --- Ĝ 
3. Data description 
Our statistical data include 125 coal-fired power units with the rated capacity of 600MW. These power 
units only produce electricity without heat supply. They are derived from public notification data of 
Energy Efficiency Competition of Fossil Power Units in 2012[17]. According to Raab and Lichty [18], 
The minimum number of DMUs should be greater than three times the number of inputs and outputs. 
This convention is highly satisfied since 125>3*(5+1) here. Statistical summary of our cross-sectional 
data is given in Table 2. The statistical period is a year. 
Table 2. Statistical summaries of input and output parameters 
Input / Output Electricity generated SO2 emission NOx emission Coal consumption Electricity consumption 
Unit 106kWh t t 104t 106kWh 
Max 4184.91 3089.05 8828.52 131.80 327.49 
Min 1067.41 120.87 425.36 30.42 45.19 
Mean 3138.29 789.49 2188.68 93.91 172.26 
Standard deviation 543.04 527.02 1239.83 16.45 48.79 
 
4. Efficiency calculation and analysis 
4.1. Energy efficiency  
The frequency distribution of the CCR efficiency, ST efficiency and scale efficiency is shown in Fig. 1. 
The whole range of efficiency value is divided into six intervals. The frequency is calculated as the ratio 
of number of power units located in each interval over the total number of our statistical data. It can be 
found that the distribution of frequency for the CCR efficiency and ST efficiency is similar and presents 
inverted “U” shape. For the CCR and ST efficiency, the proportion of power units locating in the interval 
between 0.948-0.974 is the highest compared with other intervals. Median and average values for these 
two kinds of efficiency also locate in this interval. For 75% of total power units, the scale efficiency 
equals 1. It indicates that the scale factor has no influence on the energy efficiency for most of the 125 
power units. 
4.2. Environmental efficiency  
There are 13 environmental CCR efficient power units in the 125 power units. Among them, 11 power 
units are used as benchmarks for other power units. The number of times used as benchmarks (peers) for 
the 11 power units is shown in Fig. 2. They are ranked in the descending order. Higher frequency means 
higher level of environmental efficiency. It can be found that power unit “69” has the largest frequency, 
which indicates that it has the highest level of environmental efficiency. The “69” is a supercritical power 
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unit which is cooled by water with open circulation. The coal content of sulfur burned by it is 0.24%, 
which is almost the lowest in the 125 power units. These characteristics make it to be the benchmark for 
82 power units when evaluating the environmental efficiency.  
 
      
Fig. 1 Frequency in different energy efficiency intervals          Fig. 2 Frequency as benchmarks of the 11 efficient power units 
Slacks for input variables and undesirable output variables are shown in Table 3. It can be found that 
numbers of power units who have SO2 emission and NOx emission slacks are 62 and 57 respectively. This 
indicates that most power units have SO2 and NOx emission reduction potential, especially the former one. 
From the average value of slacks for these two greenhouse gases, it can be found that the average 
emission reduction potential of NOx is larger compared with the SO2. Fifty-seven power units have the 
potential to save electricity consumption. The average amount of 1.71*107kWh electricity consumption, 
236.57t SO2 emission and 382.74t NOx emission can be saved if all the 125 power units are operated at 
environmental efficient scenario. 
Table 3. Statistical summaries of inputs and undesirable outputs slacks 
 SO2 Emission (t) NOx emission (t) Coal consumption (104t) Electricity consumption 
(106kWh) 
Input/ Output yu1 yu2 x1 x2 
Mean 236.57 382.74 0 17.10 
Standard deviation 373.16 791.32 0 30.58 
No. of power units with slack 62 57 0 57 
The relative difference of each variable between the 30 most efficient power units and 30 least 
efficient power units are calculated in Table 4. It can be found that the undesirable output of SO2 emission 
has the largest relative difference. This indicates that the SO2 emission has the largest influence of the 
environmental efficiency. Efforts should be made to reduce the SO2 emission for many power units to 
narrow the gap with efficient power units. 
Table 4. Differences for input/output variables of 30 most efficient and inefficient power units 
  30 most efficient 
units 
30 least efficient units Difference (%) 
Input 1 (x1) Coal consumption 
(104t) 
90.01 92.65 -2.85 
Input 2 (x2) Electricity consumption 
(106kWh) 
141.19 203.58 -30.65 
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Desirable output 
(yd) 
Electricity generated 
(106kWh) 
3094.56 2967.60 4.28 
Undesirable output 
1 (yu1) 
SO2 emission (t) 474.52 1094.93 -56.66 
Undesirable output 
2 (yu2) 
NOx emission (t) 1743.55 2232.23 -21.89 
4.3. Comparison of energy and environmental efficiency  
Figure 3 shows the ratio of the environmental efficiency over the energy efficiency (CCR efficiency). 
Values of the ratio are equal or larger than 1 for the 125 power units. This indicates that the 
environmental efficiency is larger than or equal to the energy efficiency. It is the characteristic of the 
DEA model that efficiency values increase when adding any inputs or outputs. It can also be found that 
power unit “106” has the largest ratio. This indicates that this power unit has done a better work on 
emission reduction compared with other units. Environmental efficiency of this power unit equal 
1.Energy efficiency of it equals 0.935 which ranks 93 in the 125 power units. The SO2 emission of this 
power unit ranks 6 from the lower side. It is the excellent desulfurization measure which makes the 
environmental efficiency ranks forward compared with the energy efficiency.   
 
 
Fig. 3 The ratio of environmental efficiency over energy efficiency 
Comparison of the influence of the ownership on energy and environmental efficiency of power units 
is studied. Comparison of CCR efficiency of power units among six groups is demonstrated in Fig. 4. In 
Fig. 4(a), it can be found that the rank of average energy efficiency values for the five central-owned 
companies in descending order is China Guodian Corporation (0.969), China Huadian Corporation 
(0.964), China Datang Corporation (0.950), China Huaneng Group (0.950), and China Shenhua Group 
(0.946). After adding undesirable outputs (as shown in Fig. 4(b)), it can be found that rank for the 
Shenhua Group moves forward from the fourth place to the third place. The rank for the Datang 
Corporation moves backward from the third place to the last one. China Guodian Corporation still ranks 
the first based on environmental efficiency.  
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For 600MW power units, it can be concluded that average energy and environmental efficiency of 
central-owned 600MW power units is higher than that of local government-owned ones. 
 
(a) Energy CCR efficiency                      (b) Environmental CCR efficiency 
Fig. 4 Comparison of efficiency between power units with different ownerships 
5. Conclusion 
We analyze and compared energy and environmental efficiency of 125 power units with the same 
rated capacity. The following conclusions can be obtained.  
First, for 75% of total power units, the scale efficiency equals 1. It indicates that the scale factor has 
no influence on the energy efficiency for most of power units.  Second, The average amount of 
1.71*107kWh electricity consumption, 236.57t SO2 emission and 382.74t NOx emission can be saved if 
all the 125 power units are operated at environmental efficient scenario. Third, the SO2 emission has 
larger influence on the environmental efficiency. Fourth, power unit “106” has the largest difference 
between the energy and environmental efficiency.  SO2 emission reduction measures should be learned by 
other power units. Fifth, among the five central-owned power generation companies, the China Guodian 
Corporation has the highest energy and environmental efficiency. China Datang Corporation ranks the 
third in energy efficiency while ranks the last one in environmental efficiency. Sixth, average energy and 
environmental efficiency of central-owned 600MW power units is higher than that of local government-
owned ones. It should be noted that this conclusion does not represent the rank of the whole efficiency 
level for these five power companies. It is only conclusion for part of 600MW power units in these five 
companies. 
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